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active expiration; sympathoexcitation; hypoxia AT LOW LEVELS OF OXYGEN, the survival of mammals is critically dependent on the activity of peripheral chemoreceptors, which under this challenge send afferent information to brain stem areas controlling autonomic and respiratory outflows to produce appropriated cardiorespiratory responses (Lahiri et al. 2006) . These reflex responses are characterized by the excitation of inspiratory and expiratory motor activities, verified by an increase in phrenic burst frequency and amplitude as well as by an augmented activity of abdominal expiratory nerves (Abdala et al. 2009; Braga et al. 2007 ) and associated with a markedly increment of sympathetic activity to the heart and blood vessels (Braga et al. 2007; Moraes et al. 2011) . Studies have demonstrated that in visceral vasoconstrictor nerves (such as splanchnic and thoracic nerves), the sympathoexcitatory response to hypoxia exhibits a respiratory modulation with the emergence of high-amplitude bursts mainly during the expiratory phase (Costa-Silva et al. 2010; Dick et al. 2004; Mandel and Schreihofer 2009) . Although the pattern of respiratory modulation of sympathetic activity may differ depending on the nerve recorded or the experimental condition [anesthetized or awake, depth of anesthesia, animal species, and other experimental variations (Jänig and Häbbler 2003) ], the expiratory-modulated excitation of visceral vasoconstrictor sympathetic activity during hypoxia differs from that observed under normoxic/normocapnic conditions, in which sympathetic activity exhibited a ramping pattern during inspiratory phase, reaching a peak during late inspiration or the beginning of expiratory stage 1 [or postinspiration (Malpas 1998; Zoccal et al. 2009)] . These findings suggest that the processing and patterning of the sympathoexcitatory chemoreflex response are dependent on the activation of neural mechanisms involved in the generation of enhanced expiratory activity. However, the sources of expiratory excitatory drive to the sympathetic nervous system in response to the activation of peripheral chemoreceptors have not yet been fully investigated.
The generation of respiratory motor outflow relies on the coordinated activity of inspiratory and expiratory neurons of the brain stem (Bianchi et al. 1995; Richter and Spyer 2001) . The pre-Bötzinger complex (pre-BötC), located within the ventral respiratory column (VRC), appears to be the major source of inspiratory activity (Feldman and Del Negro 2006; Smith et al. 1991; Tan et al. 2008) . It has been suggested that pre-BötC neurons, by interacting with expiratory neurons of the BötC (Bianchi et al. 1995; Rybak et al. 2004; Smith et al. 2007) or with expiratory neurons of the retrotrapezoid nucleus/ parafacial respiratory group (RTN/pFRG) (Janczewski and Feldman 2006) , may compose the core of the respiratory central pattern generator. Studies have demonstrated that the inspiratory and expiratory neurons of this core establish mutual and coordinated interactions with respiratory neurons of other brain stem regions (de Castro et al. 1994; Molkov et al. 2010; Mörschel and Dutschmann 2009; Smith et al. 2007) , which has been suggested to be pivotal for the generation of the eupneic breathing pattern composed of active inspiration and passive expiration (St-John and Paton 2003) .
In conditions of hypercapnia and hypoxia, the expiratory activity turns into an active process as a reflex response to increase minute ventilation (Abdala et al. 2009; Molkov et al. 2010) . During active expiration, abdominal motor activity exhibits high-amplitude bursts during the late part of the expiratory phase or late expiration (Abdala et al. 2009; Pagliardini et al. 2011) . The generation of this expiratory pattern requires the neurons of the RTN/pFRG (Abdala et al. 2009; Janczewski and Feldman 2006; Pagliardini et al. 2011 ) in a region that overlaps anatomically with a putative neonatal respiratory oscillator network (Onimaru and Homma 2003) . In fact, the RTN/pFRG region is a heterogeneous group of neurons, some of which are responsive to changes in the CO 2 level and importantly involved in central chemoreception Moreira et al. 2006; Nattie and Li 2009; Marina et al. 2010) . Within the RTN/pFRG it was also identified expiratory neurons that were silent at resting conditions (normoxia/ normocapnia) but exhibited a rapid depolarization during the late part of expiration (late-expiration, late-E) either during hypercapnia (Abdala et al. 2009 ) or after RTN/pFRG disinhibition or optogenetic excitation (Pagliardini et al. 2011) . Besides, the emergence of the activity of the RTN/pFRG late-E neurons was found to be coincidental to the occurrence of late-E bursts in abdominal motor nerve (Abdala et al. 2009; Pagliardini et al. 2011) , suggesting a causal relationship between RTN/pFRG late-E neuronal excitation and active expiration. In a recent study, we documented that the sympathoexcitatory response to hypercapnia displays an expiratorymodulated component that is entrained with the emergence of late-E bursts in the abdominal nerve (Molkov et al. 2011) , suggesting that the CO 2 -induced excitation of central mechanisms responsible for the generation for active expiration may produce a excitatory phasic modulation on the sympathetic nervous system, potentially by interactions with presympathetic neurons of the rostral ventrolateral medulla (Molkov et al. 2011) .
In the present study, we tested the hypothesis that RTN/ pFRG neurons also play a role in the processing of the expiratory response to peripheral chemoreflex activation and, in turn, may contribute to generate expiratory-phasic excitation of sympathetic activity in response to hypoxia. To accomplish this goal, we performed our experiments in decerebrated arterially perfused in situ working heart-brain stem preparations of rats (Paton 1996; Zoccal et al. 2008) , which allowed us to record the extracellular activity of RTN/pFRG late-E neurons and the activity of phrenic (PN), abdominal (AbN), and thoracic sympathetic nerves (tSN) in the absence of anesthesia.
MATERIALS AND METHODS
Animals and ethical approval. Experiments were performed on juvenile male Wistar rats (60 -80 g) obtained from the Animal Care facility of the University of São Paulo (Ribeirão Preto, Brazil). Animals were maintained in standard environmental conditions (23 Ϯ 2°C, 12/12-h dark-light cycle) with water and chow ad libitum. All experimental protocols were approved by the Ethical Committee on Animal Experimentation of the School of Medicine of Ribeirão Preto, University of São Paulo (protocol 019/2006) .
Decerebrated arterially perfused rat in situ preparations. Working heart-brain stem preparations (Paton 1996) were surgically prepared as previously described (Costa-Silva et al. 2010; Zoccal et al. 2008) . Briefly, rats were deeply anesthetized with halothane (AstraZeneca, Cotia, São Paulo, Brazil) and, after the loss of the paw withdrawal reflex, transected caudal to the diaphragm, exsanguinated, submerged in chilled Ringer solution [containing (in mM) 125 NaCl, 24 NaHCO 3 , 5 KCl, 2.5 CaCl 2 , 1.25 MgSO 4 , 1.25 KH 2 PO 4 , and 10 dextrose], and decerebrated at the precollicular level. For exposition of the ventral surface of the medulla, preparations were placed supine and the head was fixed. The trachea, esophagus, and all muscles and connective tissues covering to the basilar surface of the occipital bone were removed. The basilar portion of the atlantooccipital membrane was cut, and the bone was removed carefully using a micro-Rongeur (D.L. Micof, São Paulo, Brazil) to expose the ventral surface of medulla. Preparations were then transferred to a recording chamber, and the descending aorta was cannulated and perfused retrogradely with Ringer solution containing 1.25% Ficoll (an oncotic agent, Sigma, St. Louis, MO) and a neuromuscular blocker (vecuronium bromide, 3-4 g/ml, Cristália Produtos Químicos Farmacêuticos, São Paulo, Brazil) using a roller pump (Watson-Marlow 502s, Falmouth, Cornwall, UK) via a double-lumen cannula. The perfusion pressure was maintained in the range of 50 -70 mmHg by adjusting the rate flow to 21-25 ml/min and adding vasopressin to the perfusate (600 -1.200 pM, Sigma) as previously reported (Pickering and Paton 2006; Zoccal et al. 2008) . The perfusate was gassed continuously with 5% CO 2 -95% O 2 , warmed to 31-32°C, and filtered using a nylon mesh (pore size: 25 m, Millipore, Billirica, MA).
Nerve recordings and analyses. Sympathetic and respiratory nerves were isolated, and their activity was recorded simultaneously using bipolar glass suction electrodes held in micromanipulators (Narishige, Tokyo, Japan). Left PN discharges were recorded from the central end, and its rhythmic ramping activity was used as a continuous physiological index of preparation viability. Right thoracic/lumbar AbN (T13-L1) were isolated from abdominal muscles and cut distally, and their central activity was recorded. The efferent activity of the tSN was recorded from the sympathetic chain at the T8-T12 level. All signals were amplified, band-pass filtered (0.05-5 kHz, Insight, Ribeirão Preto, Brazil), and acquired in an analog-to-digital converter [CED micro 1401, Cambridge Electronic Design (CED), Cambridge, UK] to a computer using Spike 2 software (5 kHz, CED). The frequency of PN bursts was calculated from the time interval between consecutive integrated phrenic peak bursts and expressed in hertz. Baseline tSN and AbN activities were calculated as mean values of the integrated signal and expressed in microvolts. In addition, the amplitude of respiratory-related bursts in tSN was assessed as the value difference between the lower activity during expiration and the maximal activity during late inspiration/beginning of postinspiration. These measurements were taken from phrenic-triggered averages of integrated tSN obtained from 1-to 2-min epochs, and the values were expressed in microvolts. Changes in tSN and AbN activities induced by peripheral chemoreflex activation were determined by the area under the curve, and the evoked alterations were expressed as the percentage of change in relation to baseline activity before the stimulus. In addition, the tSN response to peripheral chemoreflex activation was calculated during inspiratory (coincident with the PN burst) and expiratory (time between PN bursts) periods by the quantification of mean activity in each respiratory phase and expressed as percentage values in relation to baseline mean tSN activity before each stimulus. All analyses were carried out on rectified and integrated signals (time constant of 50 ms) and performed offline using Spike 2 software with custom-written scripts (CED).
Single-unit neuronal recordings. Extracellular recordings from single RTN/pFRG late-E neurons were obtained through glass microelectrodes (10 -30 M⍀, filled with 3 M NaCl) mounted in a threedimensional manipulator (Narishige) and positioned into the ventral surface of the medulla under visual control (binocular microscope, Zeiss) using surface landmarks for orientation (trapezoid body, rootlets of the hypoglossal nerve and basilar artery). Signals were amplified (Axon 200B, Axon Instruments), low-pass filtered (1 kHz), and acquired in a computer using Spike 2 software (CED) at 10 kHz. In some experiments, microelectrodes were filled with 2% methylene blue dye (in 0.5 M sodium acetate) to mark the sites of recordings by iontophoretic deposition of the dye (10 A, 10 min). The stereotaxic coordinates used to target the RTN/pFRG were 0.5 mm caudal to the trapezoid body, 1.7-2.0 mm lateral to the midline, and 50 -100 m beneath the ventral surface. Within this region, late-E neurons were identified as those that were silent in normocapnia but exhibited an increasing pattern of discharge during the second stage of the expiratory period (E2 phase) when exposed to hypercapnia (7-10% CO 2 in the perfusate, GF3/MP Gas Mixing Flow Meter, Cameron Instruments) as previously described (Abdala et al. 2009 ). After a late-E neuron was identified, the CO 2 levels in the perfusate were reduced back to 5%, and responses to peripheral chemoreflex activation were then evaluated. The discharge frequency of late-E neurons was quantified offline using Spike 2 software (CED) and expressed in hertz.
Pharmacological inhibition of the RTN/pFRG. To produce a reversible inhibition of RTN/pFRG neurons, bilateral microinjections of muscimol (GABA A receptor agonist, 1 mM, Sigma) were performed using glass pipettes connected to a picopump system (Picospritzer II, Parker Instruments). The stereotaxic coordinates used to reach the RTN/pFRG were the same as those used to record late-E neurons (0.5 mm caudal to the trapezoid body, 1.7-2.0 mm lateral to the midline, and 50 -100 m beneath the ventral surface). The volume of each microinjection was 20 -30 nl, and the time apart each microinjection was Ͻ60 s. Respiratory and sympathetic alterations induced by muscimol into the RTN/pFRG were monitored for 60 min.
Stimulation of peripheral chemoreceptors. Peripheral chemoreceptors were activated by intra-arterial injections of KCN (0.05%, 50-l bolus) as previously described (Braga et al. 2007; Costa-Silva et al. 2010 ). This procedure was performed before and 1 and 60 min after bilateral microinjections of muscimol into the RTN/pFRG region.
Histology. At the end of each experiment, brains were rapidly removed and stored in buffered formalin for 5 days, and serial transverse sections (30 m thickness) were then cut and stained with cresyl violet using the Nissl method. The site of microinjection was confirmed by the visualization of the track of pipettes in the brain tissue. Only rats with the end of the pipette track centered in the RTN/pFRG were considered for data analysis. In the experiments involving extracellular recordings, methylene blue applied through the recording pipette was visualized in nonstained sections, and the center of the dye application was drawn on an outline of a coronal section of the medulla oblongata.
Statistical analyses. Results are expressed as means Ϯ SE and were compared using two-way ANOVA followed by Bonferroni post hoc or Student's unpaired t-tests. Comparisons were carried out with GraphPad Prism software (version 4, GraphPad Software), and differences were considered significant at P Ͻ 0.05.
RESULTS

Simultaneous recordings of respiratory, sympathetic, and RTN/ pFRG late-E neuronal activities during the activation of the peripheral chemoreflex.
Typical recordings of PN, AbN, tSN, and late-E neuronal activities of in situ preparations as well as their respective responses to peripheral chemoreflex activation with KCN are shown in Fig. 1 . In agreement with previous studies (Abdala et al. 2009; Molkov et al. 2011; Pagliardini et al. 2011; Paton 1996; Zoccal et al. 2008) , we verified that at basal conditions (normocapnia), PN showed a ramping pattern of discharge, AbN exhibited a low-amplitude activity during the expiratory phase [with a postinspiratory (post-I) peak], tSN demonstrated a inspiratory modulation with maximal activity during late inspiration/early postinspiration, and late-E neurons of the RTN/pFRG were silent. Peripheral chemoreflex activation with KCN (n ϭ 6) produced an increase in PN burst frequency (⌬PN frequency: 0.32 Ϯ 0.04 Hz, representing the magnitude of increase from baseline to the peak of the response, P Ͻ 0.05) as well as in AbN (⌬AbN: 409 Ϯ 27%, P Ͻ 0.05) and tSN nerve activities (⌬tSN: 107 Ϯ 7%, P Ͻ 0.05). The excitatory AbN reflex response to chemoreflex activation was composed of two distinct components: a high-amplitude burst during the post-I period (after the PN burst) and another burst during late expiration (immediately before the PN burst). In relation to the pattern of the sympathetic response, we verified that the chemoreflex-induced tSN bursts occurred preferentially during the expiratory period (⌬tSN during inspiration: 45 Ϯ 15% vs. ⌬tSN during expiration: 94 Ϯ 8%, P Ͻ 0.01). With respect to late-E neurons, the chemoreflex activation greatly stimulated RTN/pFRG late-E neuronal activity (⌬spike frequency: 64 Ϯ 6 Hz, n ϭ 6, P Ͻ 0.0001), with a firing pattern characterized by the emergence of activity during the second stage of the expiratory period with a maximal frequency of discharge at the late-E phase (Fig. 1) . This chemoreflex-induced excitation of RTN/pFRG late-E neurons was transient and coincident with the emergence of late-E bursts in AbN. The recording sites within the RTN/pFRG were confirmed by the identification of the place of dye deposition (see Fig. 3E 1 ) .
Effects of RTN/pFRG inhibition on respiratory and sympathetic activities of unanesthetized in situ preparations of rats.
Recordings of AbN, tSN, and PN activities of a representative in situ preparation of the group are shown in Fig. 2A and demonstrate the effects of pharmacological inhibition of the RTN/pFRG with muscimol (1 mM, n ϭ 6) on baseline respiratory and sympathetic activities. Muscimol microinjections into the RTN/pFRG region, at the same level where late-E neurons were recorded (Fig. 3E 2 ) , reduced both PN burst frequency (0.14 Ϯ 0.05 vs. 0.29 Ϯ 0.03 Hz, P Ͻ 0.05) and mean AbN activity (3.02 Ϯ 0.37 vs. 4.77 Ϯ 0.69 V, P Ͻ 0.05). In addition, the amplitude of inspiratory-related bursts of tSN activity was significantly reduced (6.48 Ϯ 0.76 vs. 9.21 Ϯ 1.00 V, P Ͻ 0.05). Despite the reduction in the magnitude of respiratory modulation of tSN, no statistical difference was observed in mean values of tSN (7.51 Ϯ 2.4 vs. 9.08 Ϯ 2.3 V, P Ͼ 0.05). Sixty minutes later, PN frequency was not statisti- cally different from baseline values (0.45 Ϯ 0.08 Hz, P Ͼ 0.05), mean AbN activity was higher than in the control period (9.65 Ϯ 0.88 V, P Ͻ 0.05), and the amplitude of respiratory bursts in tSN was comparable with control values (11.09 Ϯ 1.16 V, P Ͼ 0.05). These group data are shown in Fig. 2, 
B-D.
RTN/pFRG inhibition altered the respiratory response but not the sympathetic response to the peripheral chemoreflex activation. Bilateral microinjections of muscimol into the RTN/pFRG of in situ preparations produced significant changes in the pattern of inspiratory and expiratory responses to peripheral chemoreflex activation (n ϭ 6). We verified that the late-E component of the AbN response, but not the post-I component, was abolished in all preparations 1 min after inhibition of the RTN/pFRG region, as shown in Fig. 3A . Despite the observed changes in the pattern, the magnitude of the AbN response was not significantly altered (⌬AbN: 424 Ϯ 41% vs. 409 Ϯ 27%; Fig. 3C ). On the other hand, the magnitude of the PN inspiratory response was significantly higher 1 min after inhibition of the RTN/pFRG (⌬PN: 0.79 Ϯ 0.09 vs. 0.32 Ϯ 0.04 Hz, P Ͻ 0.05; Fig. 3B 1 ) . Sixty minutes after the microinjections of muscimol, the pattern and magnitude of PN (⌬PN: 0.31 Ϯ 0.04 Hz; Fig. 3B 2 ) and AbN (⌬AbN: 345 Ϯ 13%; Fig. 3 , A and C) chemoreflex responses were similar to their respective control responses.
With respect to sympathetic activity, bilateral microinjections of muscimol into the RTN/pFRG produced no effects in either the magnitude (⌬tSN: 99 Ϯ 8% vs. 107 Ϯ 7%) or expiratory-modulated pattern (⌬tSN 1 min : 16 Ϯ 12% vs. 86 Ϯ 14%, P Ͻ 0.0001; ⌬tSN control : 45 Ϯ 15% vs. 94 Ϯ 8%, respectively inspiratory and expiratory phases, P Ͻ 0.0002; Fig. 3D ) of the sympathoexcitatory response to peripheral chemoreflex activation. The magnitudes of inspiratory and expiratory components of the tSN response 1 min after muscimol into the RTN were not different from those observed before microinjections (P Ͼ 0.05). Sixty minutes after microinjections, the magnitude (⌬tSN: 100 Ϯ 8%; Fig. 3A ) and pattern (⌬tSN 60 min : 58 Ϯ 14% vs. 123 Ϯ 13%, inspiratory and expiratory phases, respectively, P Ͻ 0.0001; Fig. 3B ) of the tSN response were similar to control responses.
Misplaced microinjections. In a specific group of preparations (n ϭ 3), the centers of the muscimol microinjections were located caudal to the RTN/pFRG, at the level of the rostral aspect of the BötC (Fig. 4D) . Unlike at the RTN/pFRG region, muscimol into the rostral BötC produced respiratory arrest with suppression of basal AbN activity (Fig. 4A) . With respect to peripheral chemoreflex responses, a significant attenuation of sympathoexcitatory (⌬tSN: 36 Ϯ 18% vs. 75 Ϯ 15%, P Ͻ 0.05; Fig. 4B ) and AbN expiratory responses (198 Ϯ 70% vs. 382 Ϯ 31%; Fig. 4C ) were observed 1 min after muscimol microinjections into the rostral BötC region. In addition, the PN response exhibited an apneustic pattern (Fig. 4A) . These alterations in basal respiratory activities and chemoreflexevoked responses elicited by the misplaced microinjections of muscimol were different from those observed when the microinjections were centered in the RTN/pFRG, at a similar level to where late-E neurons were identified. These data indicate that the changes in the expiratory response to peripheral chemore- 3 . A: raw and integrated AbN and PN activities of one preparation, representative of the group, showing the respiratory responses to peripheral chemoreceptor activation with KCN before (control) and after (1 and 60 min) bilateral muscimol (1 mM) microinjections into the RTN/pFRG. During the chemoreflex response, the inspiratory and expiratory phases are discriminated by the shaded areas. Note that after the microinjections of muscimol into the RTN/pFRG, the late-E component of the AbN response was eliminated. B and C: average PN (B 1 and B 2 ) and AbN (C) responses to peripheral chemoreflex activation before (control) and 1 and 60 min after bilateral microinjections of muscimol (1 mM) into the RTN/pFRG (n ϭ 6). *Different from the control condition (P Ͻ 0.05). D: average increase of the inspiratory (insp) and expiratory-modulated (exp) components of the sympathoexcitatory response to peripheral chemoreflex activation before (control) and after (1 and 60 min) bilateral microinjections of muscimol (1 mM) into the RTN/pFRG region (n ϭ 6). *Different from the respective sympathetic response during the inspiratory phase (P Ͻ 0.05). E: schematic drawings (modified from Paxinos and Watson 1998) combined with photomicrographs of brain stem coronal sections from representative in situ preparations of the group showing the sites of dye deposition (E 1 , black spots) and sites of bilateral microinjections of muscimol into the RTN/pFRG region (E 2 , black spots). The insets in E 1 and E 2 show expanded views at the level of the RTN/pFRG showing the dye deposited after the single-unit recording (arrow in E 1 ) or the track of the microinjection pipette (arrows in E 2 ). py, Pyramidal tract; 7, facial nucleus; sp5, spinal trigeminal tract; RPa, Raphe Pallidus nucleus. flex activation induced by muscimol microinjections into the RTN/pFRG were not due to drug diffusion to the adjacent rostral BötC region.
DISCUSSION
In the present study, we tested the hypothesis that the RTN/pFRG, the putative generator of the active expiratory pattern (Abdala et al. 2009; Janczewski and Feldman 2006; Pagliardini et al. 2011) , is involved in the processing of enhanced expiratory drive as well as in the expiratory modulation of sympathoexcitatory evoked by the activation of peripheral chemoreceptors. In this regard, in the present study, we documented the following novel findings: 1) stimulation of peripheral chemoreceptors led to the excitation of late-E neurons of the RTN/pFRG coincidently with the occurrence of late-E bursts in AbN activity, 2) pharmacological inhibition of the RTN/pFRG with muscimol abolished chemoreflex-evoked AbN late-E bursts, and 3) inhibition of the RTN/pFRG region did not alter either the magnitude or expiratory modulation of the sympathetic response to peripheral chemoreflex activation. Taken together, these findings indicate that late-E neurons of the RTN/pFRG of unanesthetized in situ preparations play a critical role in the generation of active expiration in response to peripheral chemoreceptor activation but are not required for the processing of the expiratory-modulated sympathetic response to chemoreflex activation.
A large body of evidence suggests that the brain stem respiratory network interacts with the sympathetic nervous system, especially at the level of the ventrolateral medulla, and generates respiratory oscillation in sympathetic nerve activity (Barman and Gebber 1980; Haselton and Guyenet 1989; Miyawaki et al. 1995; Mandel and Schreihofer 2006; Zoccal et al. 2008) . Although the pattern of respiratory-sympathetic coupling varies according to species, the specific target of sympathetic invervation (e.g., cutaneous, visceral, muscle, and sudomotor nerves) and the experimental condition of the animal/preparation (Jänig and Häbler 2003) , this coupling is suggested to be important to optimize gas exchange and autonomic adjustments during thermoregulation, physical exercise, or metabolic challenges. For visceral vasoconstrictor sympathetic nerves (e.g., splanchic and thoracic nerves), previous studies have demonstrated in anesthetized vagotomized rats Mandel and Schreihofer 2009) and in unanaesthetized rat in situ preparations (Costa-Silva et al. 2010) that the sympathoexcitatory response to peripheral chemoreflex activation was characterized by the emergence of high-amplitude bursts mainly during expiration, suggesting that interactions between expiratory and sympathetic neurons may produce the evoked expiratory-modulated sympathetic pattern of discharge during these conditions. In agreement with this, in the present study, we demonstrated that peripheral chemoreflex activation produces a large increase in abdominal motor expiratory activity coincidently with the emergence of expiratory bursts in the sympathetic nerve. Therefore, the chemoreflex-induced activation of brain stem areas involved with the control of active expiratory drive may potentially contribute to the expression of expiratory modulation of sympathetic activity in response to peripheral chemoreflex activation.
A role for the RTN/pFRG as a key region of the brainstem for the generation of the active expiratory pattern has been recently postulated (Janczewski and Feldman 2006) . Studies by Abdala et al. (2009) in in situ preparation of juvenile rats and Pagliardini et al. (2011) in adult anesthetized rats demonstrated that the RTN/pFRG contains expiratory neurons (namely, late-E neurons) that, under certain experimental conditions, fire at the end of the expiratory phase preceding a PN burst. These RTN/pFRG late-E neurons were found to be not active under resting conditions (normoxia/normocapnia), probably due to a tonic inhibitory drive from the VRC to the RTN/pFRG (Molkov et al. 2010; Pagliardini et al. 2011) . During hypercapnia (Abdala et al. 2009 ) or after antagonism of inhibitory synapses in the RTN/pFRG region, these late-E neurons became active, and their pattern of discharge was found to be phase locked with the emergence of late-E bursts in abdominal motor activity, suggesting a causal relationship between RTN/pFRG late-E neuronal activation and the emergence of active expiration. In the present study, we also documented, for the first time, that stimulation of peripheral chemoreceptors of in situ preparations also produced excitation of late-E neurons of the RTN/pFRG region coincidently with the emergence of late-E bursts in AbN activity. In addition, pharmacological inhibition of the RTN/pFRG with muscimol selectively eliminated chemoreflex-induced late-E bursts in AbN activity. Taken together, the data strongly support the concept that RTN/pFRG expiratory neurons are required for the emergence of late-E activity in abdominal motor activity of in situ preparations, especially under conditions of respiratory challenge, such as hypercapnia (Abdala et al. 2009 ) or peripheral chemoreflex activation (present study). Taking in consideration previous studies in the literature and the findings of the present study, we suggest that the generation of the active expiratory pattern in response to peripheral chemoreflex involves the activation of glutamatergic neurons of the commissural nucleus tractus solitarii that send projections to the RTN/pFRG , which, in turn, send excitatory inputs to the bulbospinal expiratory neurons of the caudal ventral respiratory group (Molkov et al. 2010) . However, this hypothesis requires further anatomic and functional experiments to be validated.
In association with the attenuation of AbN late-E bursts, we noticed that inhibition of the RTN/pFRG region enhanced the PN response to peripheral chemoreflex activation. These findings suggest that activation of the RTN/pFRG may also play a role in the control of the magnitude of the chemoreflex-induced inspiratory response. Previous studies have suggested that activation of RTN/pFRG late-E neurons leads to excitation of augmenting-expiratory neurons (aug-E) of the BötC (Abdala et al. 2009 ). On the other hand, aug-E BötC neurons, in turn, may establish inhibitory connections with inspiratory neurons of the pre-BötC and rostral ventral respiratory group (Richter and Spyer 2001; Rybak et al. 2004; Tian et al. 1999) . In this scenario, we suggest that chemoreflex-induced RTN/pFRG late-E neuronal activation induced the stimulation of aug-E BötC neurons to limit the activation of inspiratory neurons. In the present study, we suggest that this condition was absent after bilateral inhibition of the RTN/pFRG, which resulted in an enhanced phrenic inspiratory chemoreflex response. However, we acknowledge that a new series of experiments is required to test all these possibilities.
As far as the RTN/pFRG appears to be critically involved in the generation of the active expiratory pattern in response to peripheral chemoreflex stimulation, we tested the possibility that this region is involved in the processing of the expiratorymodulated sympathetic reflex response. However, we verified that inhibition of this region produced no changes in either the magnitude or pattern of the sympathoexcitatory response to peripheral chemoreflex activation. Therefore, these findings indicate that the RTN/pFRG plays no major role in the modulation of the sympathetic reflex response to chemoreflex activation, and we suggest that it may depend on inputs from other respiratory brain stem areas. A previous study from our laboratory demonstrated that the depression of post-I activity (elicited by antagonism of glutamatergic ionotropic receptors in the nucleus tractus solitarii) reduced the magnitude of the sympathoexcitatory response to peripheral chemoreflex activation (Costa-Silva et al. 2010) , suggesting that the activation of respiratory neurons controlling post-I activity may contribute to processing and modulation of the chemoreflex sympathoexcitatory response. In the present study, we noticed that inhibition of the RTN/pFRG selectively abolished the late-E component but not the post-I component of the AbN response to peripheral chemoreflex activation, indicating that the neuronal network involved with the generation of post-I activity in response to peripheral chemoreceptor stimulation was not affected by bilateral muscimol microinjections into the RTN/ pFRG region. The findings of the present study, therefore, strongly support the hypothesis that the processing of expiratory modulation of the sympathoexcitatory response to acute peripheral chemoreflex stimulation may depend on the activation of the post-I neuronal network (Costa-Silva et al. 2010 ). This network may include inspiratory-expiratory phase-spanning neurons of the pons and post-I neurons of the BötC (Molkov et al. 2010; Mörschel and Dutschmann 2009; Smith et al. 2007 ), which might send excitatory projections to presympathetic neurons of the rostral ventrolateral medulla either directly (Molkov et al. 2011) or via inhibitory respiratorymodulated interneurons of the caudal ventrolateral medulla (Mandel and Schreihofer 2009) . However, it is safe to emphasize that these proposed connections are not yet proven and still require further experimental verification.
In addition to the changes in the reflex responses to peripheral chemoreceptors activation, we demonstrated that bilateral microinjections of muscimol into the RTN/pFRG also reduced baseline PN and AbN activities. We propose that this depressor effect on respiratory motor activity was related to a possible reduction of CO 2 -sensitive neuronal activity of the RTN/ pFRG, which has been suggested to be important to provide the chemical drive to expiratory and inspiratory neurons of the VRC (Molkov et al. 2010; Takakura et al. 2008) . In addition to basal respiratory motor activity, RTN/pFRG inhibition also reduced the magnitude of respiratory modulation of basal sympathetic activity, probably due to the depression of the activity of respiratory neurons of the VRC, which have been suggested to be important for the generation of basal respiratory modulation on sympathetic activity (Haselton and Guyenet 1989; Molkov et al. 2011; Zoccal et al. 2009 ). We may rule out the possibility that these changes in basal respiratory and sympathetic activities were due to drug diffusion to the BötC region since bilateral microinjections of muscimol targeted to this region evoked distinct alterations in baseline and chemoreflex-induced respiratory activity, including respiratory arrest.
In summary, we demonstrated that stimulation of peripheral chemoreceptors of in situ preparations of rats produced a synchronized activation of late-E neurons of the RTN/pFRG and AbN activity and that pharmacological inhibition of the RTN/pFRG reversibly eliminated chemoreflex-induced late-E bursts in AbN activity. These data suggest that late-E neurons of the RTN/pFRG play a pivotal role in the generation of late-E motor activity in response to peripheral chemoreflex activation. On the other hand, the magnitude and expiratory-modulated pattern of the sympathetic chemoreflex response of in situ preparations were not altered after RTN/pFRG inhibition, indicating that the RTN/pFRG does not contribute to processing of the thoracic sympathetic component of the chemoreflex.
Perspectives
Our data indicate that the generation and/or modulation of the vasoconstrictor sympathetic reflex response to the peripheral chemoreflex may involve brain stem respiratory areas other than the RTN/pFRG, potentially the post-I neuronal network of the pons and BötC (Costa-Silva et al. 2010; Molkov et al. 2011) . Therefore, further studies are required to fully elucidate the central mechanisms underpinning the coupling of expiratory and sympathetic neurons in response to peripheral chemoreceptor activation. The identification of the cellular and neurochemical basis of interactions between expiratory and sympathetic neurons are important and relevant since these mechanisms may be a source of neuronal plasticity in conditions of chronic hypoxia and, therefore, may have pathophysiological implications, such as the development of the exaggerated sympathetic response to hypoxia observed in patients with obstructive sleep apnea (Narkiewicz et al. 1998) or heart failure (Schultz and Sun 2000) . 
